The newly released Planck CMB data place tight constraints on slow-roll inflationary models. Some of commonly discussed inflationary potentials are disfavored due mainly to the large tensorto-scalar ratio. In this paper we show that these potentials may be in good agreement with the Planck data when the inflaton has a non-minimal coupling to the Gauss-Bonnet term. Moreover, such a coupling violates the consistency relation between the tensor spectral index and tensor-toscalar ratio. If the tensor spectral index is allowed to vary freely, the Planck constraints on the tensor-to-scalar ratio are slightly improved.
I. INTRODUCTION
Inflation in the early Universe not only provides a way to solve the flatness and horizon problems of the standard big bang cosmology but also produces density perturbations as seeds for large-scale structure in the Universe. The simplest scenario of cosmological inflation is based upon a single, canonical and minimally-coupled scalar field with a flat potential. In this scenario, quantum fluctuations of the inflaton give rise to an almost scale-invariant, nearly Gaussian and adiabatic power spectrum of curvature perturbations. This prediction can be directly tested by the measurement of the temperature anisotropies in cosmic microwave background (CMB). The latest CMB data, from the Planck satellite with its combination of high sensitivity, wide frequency range and all-sky coverage, have placed strong constraints on inflationary models from the information of the spectral index of curvature perturbations as well as the tensor-to-scalar ratio [1, 2] .
String theory is currently regarded as the most promising candidate for unifying gravity with the other fundamental forces and for a theory of quantum gravity. Typically there are correction terms of higher orders in the curvature to the lowest order effective supergravity action coming from superstrings, which may play a significant role in the early Universe. Interestingly, there is a unique combination of the curvature squared terms, the Gauss-Bonnet (GB) term, which is ghost-free in Minkowski background and keeps the order of the gravitational equations of motion unchanged. Such a term appears in the tree-level effective action of the heterotic string [3] . At the one-loop level of string effective action it may arise as the Gauss-Bonnet term coupled to a modulus field, which provides the possibility of avoiding the initial singularity of the Universe [4] [5] [6] . There have been many works that discuss accelerating cosmology with the GB coupling term in four and higher dimensions [7] [8] [9] . Moreover, the effect of the GB coupling term on the evolution of primordial perturbations was investigated in [10] [11] [12] .
It is known that the GB term coupled to the scalar field can drive inflation as the effective potential, which, however, gives rise to violent negative instabilities of tensor perturbations around a de Sitter background on small scales [12] . In power-law inflation implemented by an exponential potential and an exponential GB coupling, tensor or scalar perturbations exhibit negative instabilities on small scales when the GB coupling dominates the dynamics of the background [13] . In such a model when the potential is dominant, the GB coupling term with a positive (or negative) coupling may lead to a reduction (or enhancement) of the tensor-to-scalar ratio. The more general formalism of slow-roll inflation with an arbitrary potential and an arbitrary coupling was developed by introducing a combined hierarchy of Hubble and GB flow functions [14] . In this scenario the standard consistency relation between the tensor-to-scalar ratio and the spectral index of tensor perturbations does not hold.
In this paper, we apply the general formalism developed in [14] to some specific inflationary models. To confront the models with observational data, we use recent CMB measurements by the Planck experiment to bound on the tensor-to-scalar ratio and scalar spectral index when the tensor spectral index is allowed to vary freely. We find that the GB coupling may effectively suppress the tensor-to-scalar ratio, which can improve the fit to the data.
The organization of the paper is as follows. In Section II we outline the relevant features of slow-roll inflation with an inflaton coupled non-minimally to the GB term. In Section III we confront some of commonly discussed inflationary models with the Planck data. Section IV is devoted to discussions and conclusions.
II. SLOW-ROLL INFLATION
We consider the following action
where φ is the inflaton field with a potential V (φ), R is the Ricci scalar, R 2 GB ≡ R µνρσ R µνρσ − 4R µν R µν + R 2 is the GB term, and ξ(φ) is a coupling function of φ. We work in Planckian units, i.e., = c = 8πG = 1. In the weak coupling limit of the low-energy effective string theory, the coupling may take the form of ξ ∝ e −φ [4] . As the system enters a large coupling region, it is expected that the form of the function ξ(φ) becomes complicated. The potential may arise naturally from supersymmetry breaking or other nonperturbative effects. Hence, we work on the general action (1) . In a spatially flat Friedmann-Robertson-Walker Universe with the scale factor a, from the action (1) we obtain the background equations
where a dot represents the time derivative, (...) ,φ denotes a derivative with respect to φ, and H ≡ȧ/a is the Hubble parameter. Note that the coupling function ξ works as the effective potential for the inflaton φ. As discussed in [14] , since the new degree of freedom is introduced by the GB coupling function ξ(φ), it is useful to introduce a combined hierarchy of Hubble and Gauss-Bonnet flow parameters. Following Refs. [15] , we define the hierarchy as
The slow-roll conditions become |ǫ i | ≪ 1 and |δ i | ≪ 1, analogous to the standard slow-roll approximation. Under such conditions the background equations (2) and (3) reduce to
with Q ≡ V ,φ /V + 4ξ ,φ V /3. If Q = 0, the motion of inflaton is frozen because of the force due to the slope of the potential is exactly balanced by one from the GB coupling. In the case of V ,φ ξ ,φ > 0, the GB coupling makes the evolution of the inflaton faster than in the case of standard slow-roll inflation, which decreases the Hubble expansion rate. If V ,φ ξ ,φ < 0, since the GB coupling slows the field evolution, inflation may occur even for a steep potential. The number of e-folds is computed as the following
The primordial power spectra of scalar and tensor perturbations are derived in [14] 
where the expressions are evaluated at the time of horizon crossing at c R k = aH and c T k = aH, respectively. As shown in [14] , to lowest order in the slow-roll parameters this difference of horizon-crossing time is unimportant. We have assumed that time derivatives of the flow parameters can be neglected during slow-roll inflation, which allows us to obtain the leading contribution to the slow-roll approximation. Here c R , F R , c T and F T are given by
with ∆ ≡ 4ξH/(1−4ξH). The tensor-to-scalar ratio r ≡ P T /P R and spectral indices of scalar and tensor perturbations are given in terms of the Hubble and GB flow parameters
For a positive ǫ 1 , QV ,φ > 0 is required. In this scenario, we see that the degeneracy of standard consistency relation between r and n T is broken due to the presence of the extra degree of freedom δ 1 . For this reason, the future experimental checking of this relation is usually regarded as an important test of the simplest forms of inflation [16] .
The tensor-to-scalar ratio is suppressed for a positive δ 1 while it is enhanced for a negative δ 1 . The Hubble and GB flow parameters can be expressed in terms of the potential and GB coupling function
III. MODELS AND OBSERVATIONS
In this section we will study several inflationary models as an illustration. We assume that the power spectra of scalar and tensor perturbations can be parameterized as power-law at the pivot scale k 0 = 0.002 Mpc −1 . As described in the previous section, the inflation consistency relation n T = −r/8 is violated by the GB coupling. Hence, n T should be allowed to vary independent of the tensor-to-scalar ratio. We adopt a flat prior on n T of [−3, 0] . We use the Planck CMB temperature likelihood [2] , which combines a Gaussian likelihood approximation at high multipoles with a pixel-based approach at low multipoles, supplemented by the large scale 9-year WMAP polarization data [1] that gives a constraint on the reionization optical depth. Figures 1 and 2 show the Planck+WP constraints in the n R − r plane for a varying n T . Compared to the Planck's results for the standard slow-roll inflation [2] , relaxing the consistency relation leads to a slightly tighter upper bound on r < 0.10 at 95% confidence level. In the standard slow-roll inflation, the consistency relation imposes a nearly scale-invariant spectrum of tensor modes since the upper limits of r is of the order 10 −1 . Deviations from scale invariance lead to more contribution of tensor modes to the temperature power spectrum of the CMB. In what follows we consider several commonly discussed inflationary models in light of the Planck observations. Comparisons of these models with observations are implemented by using predictions of n R and r.
A. power-law inflation
Let us first consider power-law inflation with an exponential potential and an exponential GB coupling where V 0 , ξ 0 and λ are constants. For later convenience we define α ≡ 4V 0 ξ 0 /3 throughout the rest of the paper. Such a model was considered as power-law inflation in [13] . It can also provide an alternative explanation for the current acceleration of the Universe [8] . Like the standard power-law inflation, there is no natural end to inflation within the model. Hence an additional mechanism is required to stop it. In the general slow-roll formalism this model, in which
, and both ǫ 2 and δ 2 vanish, predicts n R − 1 = −λ 2 (1 − α) and r = 8λ
One gets the relation between r and n R as
which indicates that a positive (or negative) α can suppress (or enhance) the tensor-to-scalar ratio. It is known that the model with α = 0 is now outside the joint 99.7% CL region in the n R − r plane derived from the Planck+WP data. If α > ∼ 0.5, this class of models can be consistent with the Planck constraints.
B. chaotic inflation with an inverse power-law coupling
We now consider another model with a monomial potential and an inverse monomial GB coupling
This class of potentials has been widely studied as the simplest inflationary model. Without the GB coupling the φ 4 potential is well outside of the joint 99.7% CL region and the φ 2 potential lies outside the joint 95% CL for the Planck+WP+high-l data, as discussed in [2] . Here we show that the GB coupling may revive this class of potentials. Such a specific choice of GB coupling allows us to find an analytic relation between r and n R in terms of N . This model, in which ǫ 1 = n/(4N + n), δ 1 = 2nα/(4N + n) and ǫ 2 = δ 2 = 4/(4N + n), predicts [14] 
To confront the theoretical predictions with the Planck constraints, in figure 1 we plot the values of n R and r in the model with n = 2 for different values of N and α. We see that for a fixed number of e-folds the parameter α can shift the predicted r vertically and keep n R invariant. Figure 1 shows that the model with a positive α can be consistent with the Planck data while one with a negative α is disfavored. 
C. chaotic inflation with a dilaton-like coupling
In the two classes of models discussed above, we notice that the GB coupling and potential satisfy ξ(φ)V (φ) = 3α/4, so that the relation between r and n R can analytically be expressed in terms of model parameters. Here we consider a more general model with a monomial potential and a dilaton-like coupling
For this model the Hubble and GB flow parameters are given by
From Eqs. (13) and (14) one gets the scalar spectral index and tensor-to-scalar ratio
which involve three model parameters n, λ and α in the slow-roll approximation. Hereafter, we restrict ourselves to a quadratic potential, n = 2, often considered the simplest example for inflation [17] . The value of φ in (30) and (31) depends on the number of e-folds and the value of φ end by setting max(ǫ i , δ i )(φ end ) = 1. For simplicity we set N = 60. In figure 2 we plot the scalar spectral index and tensor-to-scalar ratio for different values of λ and α. There exist parameter regions in which the predicted n R and r are excellently consistent with the Planck constraints. We see that the scalar spectral index is sensitive to λ for a given value of α. Compared to the inverse monomial coupling discussed in subsection B, these observable quantities are more sensitive to the dilaton-like coupling.
IV. DISCUSSIONS AND CONCLUSIONS
In this general slow-roll inflationary scenario, the potential dominates the energy density of the Universe and the contribution from the GB coupling is ignorable. The GB coupling may slow down the evolution of the inflaton by balancing the potential force, which decreases the energy scale of the potential to be in agreement with the observed amplitude of scalar perturbation. Hence, the tensor-to-scalar ratio is suppressed. In principle, even for a steep potential slow-roll inflation can occur with the help of the non-minimal coupling of the inflaton to the GB term. In the framework of the standard slow-roll inflation, it known that the energy scale of inflation can be established by the detection of the amplitude of tensor perturbations [2, 18] . In the presence of the GB coupling, one need further measure the tensor tilt to establish the energy scale of inflation because the new degree of freedom is introduced by the GB coupling.
Under the general slow-roll approximation, since the Hubble and GB flow parameters, ǫ i and δ i , are much smaller than 1, the propagation speed of scalar perturbations (9) is very close to 1. It is shown that the effect of the GB coupling on primordial non-Gaussianities appears indirectly through the change of c 2 R [19] . For the equilateral configuration, the non-linearity parameter is [19] 
which means that these extra contributions from the GB coupling remain of the order of small slow-roll parameters, just as in the minimally-coupled single-field case. This is consistent with the Planck's results [20] .
In this paper we have applied the general slow-roll formalism to some specific inflationary models in which the inflaton has a direct coupling with the GB term. Since the consistency relation between the tensor-to-scalar ratio and tensor spectral index is broken by the GB coupling, we obtained a slightly tighter constraints on the tensor-to-scalar ratio using the Planck+WP data when the tensor spectral index is allowed to vary freely. In the r − n R plane we then confront the models with observational constraints. We found that there exit parameter regions in which the predicted r and n R are excellently consistent with the Planck constraints. Moreover, in the scenario the non-linearity parameter is of the order of slow-roll parameters, which is in agreement with the observational constraints.
